Accumulation of amyloid-␤ peptide (A␤) in the brain is regarded as central to Alzheimer's disease (AD) pathogenesis. A␤ is generated by a sequential cleavage of amyloid precursor protein (APP) by ␤-secretase 1 (BACE-1) followed by ␥-secretase. BACE-1 cleavage of APP is the committed step in A␤ synthesis. Understanding the mechanism by which BACE-1 is activated leading to A␤ synthesis in the brain can provide better understanding of AD pathology and help to develop novel therapies. In this study, we found that the levels of A␤ and BACE-1 are significantly reduced in the brains of mice lacking transcription factor early growth response 1 (Egr-1) when compared with the WT. We demonstrate that in COS-7 cells, Egr-1 binds to the BACE-1 promoter and activates BACE-1 transcription. In rat hippocampal primary neurons, overexpression of Egr-1 induces BACE-1 expression, activates BACE-1, promotes amyloidogenic APP processing, and enhances A␤ synthesis. In mouse hippocampal primary neurons, knockdown of BACE-1 almost completely blocks Egr-1-induced amyloidogenic APP processing and A␤ synthesis. Our data indicate that Egr-1 promotes A␤ synthesis via transcriptional activation of BACE-1 and suggest that Egr-1 plays role in activation of BACE-1 and acceleration of A␤ synthesis in AD brain. Egr-1 is a potential therapeutic target for AD.
BACE-1 cleavage of APP is the rate-limiting step in A␤ production. BACE-1 is regarded as the essential enzyme in the A␤ synthesis in the brain (1) .
A number of studies have shown that the level of BACE-1 protein is significantly up-regulated in AD brain (2) (3) (4) (5) (6) . It has been suggested that the up-regulation of BACE-1 initiates and/or accelerates A␤ synthesis and promotes AD pathogenesis (1) . Determining the mechanism by which BACE-1 is activated in AD brain can provide better understanding of AD pathology and help develop therapies against AD. However, what activates BACE-1 in AD brain is not known. Interestingly, in rat brain, BACE-1 level is elevated following experimental traumatic brain injury (7) , transient cerebral ischemia (8) , and following occlusion of the middle cerebral artery (9) . Oxidative stress induces BACE-1 expression in mouse brains (10) and vascular smooth and HEK-293 cells (11, 12) . Thus, several cellular events triggered by vascular insults elevate BACE-1 levels in the brain. It has been suggested that the biochemical pathway that is activated by vascular injuries may be involved in up-regulating BACE-1 and initiating AD pathology in the brain (13) .
Early growth response 1 (Egr-1) is a zinc finger transcription factor and is involved in regulation of a number of cell functions, including cell proliferation, apoptosis, cell growth, and signal transduction. The cellular level of Egr-1 is relatively low, but its biosynthesis is induced by many environmental signals, including growth factors, hormones, and neurotransmitters (14, 15) . Once induced, it binds to targets genes and regulates their expression. More importantly, in the CNS, Egr-1 is induced during ischemic stroke, hypoxia, brain injury, and inflammation and plays an important role in the induction and maintenance of various vascular pathologies (14 -17) . A number of recent studies have found that Egr-1 is elevated in AD brain and AD mouse models (18 -23) . As discussed above, BACE-1 expression is up-regulated during vascular injuries (13) . This observation promoted us to examine whether Egr-1 regulates BACE-1 expression in the brain. Herein, we show that Egr-1 is a transcriptional activator of the BACE-1 gene. We demonstrate that Egr-1 promotes A␤ synthesis by activating BACE-1 in neurons. Our data suggest that Egr-1 may be involved in the activation of BACE-1 leading to acceleration of A␤ synthesis in AD brain. mice was 6.9 pmol/g wet brain. Likewise, the amount of A␤40 was 28.5 pmol/g wet brain in the WT mice and 15.6 pmol/g wet brain in the KO mice. Thus, compared with the WT, Egr-1 KO mice had 43% less A␤42 and 45.3% less A␤40 in the brain. Western blotting analysis confirmed the ELISA data and showed that compared with the WT, Egr-1 KO mice had 68.5 and 58.8% reduced A␤42 and A␤40, respectively, in the brain (Fig. 1B) . This result determined that Egr-1 KO mice have significantly reduced levels of A␤40 and A␤42 in the brain.
BACE-1 Level Is Reduced in the Brain of Egr-1 KO Mice-A␤ is generated and eliminated continuously, and its level in the brain is mainly controlled by its synthesis and clearance. The proteolytic degradation is a major route of A␤ clearance (24) . Neprilysin and insulin-degrading enzyme (IDE) are among the main A␤-degrading enzymes that have been identified to date (24 -27) . Western blotting analysis determined that levels of both neprilysin and IDE were similar in Egr-1 KO and WT mouse brains ( Fig. 2A) . These data indicated that genetic deletion of Egr-1 does not affect levels of neprilysin and IDE in the brain.
Synthesis of A␤ occurs by a sequential cleavage of APP by BACE-1 and ␥-secretase. Although BACE-1 is a monomeric enzyme, ␥-secretase is a multimeric enzyme with presenilin 1 (PS1) or presenilin 2 (PS2) being the catalytic subunit (1, 28) . Therefore, to examine whether Egr-1 regulates any of the enzymes involved in A␤ synthesis, we analyzed levels of PS1 and PS2 in mice brains ( Fig. 2A ). Western blotting analysis FIGURE 1. Levels of A␤40 and A␤42 are reduced in Egr-1 KO mice. Levels of A␤40 and A␤42 in the brain extracts of Egr-1 KO and WT mice were analyzed by sandwich ELISA and Western blotting. A, sandwich ELISA. B, Western blots. Western blotting was performed using a 4 -20% Tricine gel. Data are mean Ϯ S.E. from six age-matched animals in each group. Compared with the WT, significantly lower levels of A␤40 and A␤42 were observed in KO mice brain by sandwich ELISA (*, p Ͻ 0.05) and Western blotting analysis (**, p Ͻ 0.01) (t test).
FIGURE 2. BACE-1 level is reduced in Egr-1 KO mice.
A, levels of PS1, PS2, neprilysin, and IDE in the brains of Egr-1 KO and WT mice. Upper panel shows representative Western blots. Lower panel is quantification. No significant difference was found among the groups (mean Ϯ S.E., n ϭ 6/group). B, BACE-1 level is reduced in Egr-1 KO mouse brain. BACE-1 protein and mRNA and activity levels in Egr-1 KO and WT mice were determined and compared by Western blotting, qPCR, and fluorogenic BACE-1 activity assay. Data are mean Ϯ S.E. from five different animals in each group. Upper panel is a representative Western blot. Lower panels are quantifications of BACE-1 protein from Western blottings, qPCR analysis for mRNA, and BACE-1 activity assay. Compared with the WT, significantly reduced BACE-1 protein (*, p Ͻ 0.05), mRNA (*, p Ͻ 0.04), and activity (*, p Ͻ 0.05) is observed in Egr-1 KO mouse brain (t test). C, BACE-1 immunostaining is reduced in Egr-1 KO mouse brain. Brain sections of Egr-1 KO and WT mice were immunostained against BACE-1. Upper panel is a representative BACE-1 immunostained micrographs of brain sections. Boxed areas of panel a (WT) and panel b (KO) are shown in panels c-j in higher magnifications. WT: panel c, cortex; panels e, g, and i, hippocampus. KO: panel d, cortex; panels f, h, and j, hippocampus. BACE-1 is widely expressed all over the brain. Significant staining is seen in the CA1, CA2, and dentate gyrus subfields of hippocampus. Egr-1 KO mice also display similar distribution patterns but significantly reduced levels. Lower panel is quantification of BACE-1 immunoreactivity from micrographs of five mice in each group using Spectrum Analysis algorithm package and ImageScope analysis software (version 11.2, Aperio Technologies). Compared with the WT, Egr-1 KO mice have a significantly lower level of BACE-1 in the cortex (*, Ͻ 0.05) and the hippocampus (*, Ͻ 0.05) (t test). Scale bars,500 m (panels a and b), 200 m (panels c and d), 50 m (panels i and j), 20 m (panels g and h), and 10 m (panels e and f).
determined that the levels of both PS1 and PS2 were similar in KO and WT mice. However, in Egr-1 KO mice, the BACE-1 protein level was 40% less than in the WT. Likewise, qPCR analysis showed that compared with the WT, the level of BACE-1 mRNA was 35% less in KO mice ( Fig. 2B ). Fluorogenic activity assay confirmed the Western blotting and qPCR data and showed that BACE-1 activity was 37% less in Egr-1 KO than in the WT mice. Immunohistochemistry of the brain sections showed BACE-1 immunoreactivity was 1.8-and 2.1-fold less in the hippocampus and cortex, respectively, of the KO than the WT mice ( Fig. 2C ). Based on these data, we concluded that compared with the WT, Egr-1 KO mice have significantly reduced BACE-1 in the brain.
APP is cleaved by either ␣-secretase or BACE-1 followed by ␥-secretase. While BACE-1 cleavage generates C-terminal C99 and N-terminal sAPP␤, ␣-secretase cleavage generates C83 and sAPP␣ (1) . To substantiate the above data, we analyzed levels of APP metabolites in the brain extracts of mice. As shown in Fig.  3 , the levels of both C99 and sAPP␤ were 48.8 and 37.6%, respectively, less in KO mice when compared with WT. In contrast, ␣-secretase-generated sAPP␣ and C83 were similar in the two experimental groups. The amount of C99/C83 ratio, which is an indicator of amyloidogenic APP metabolism, was 47.8% less in KO mice than the WT.
To further substantiate the brain data, we analyzed rat hippocampal primary neurons infected with Ln-Egr-1. Neurons expressing Egr-1 displayed significantly elevated levels of BACE-1, C99, sAPP␤, and A␤42 when compared with Ln vector-infected neurons (see below). Based on these results, we concluded that Egr-1 KO mice have significantly reduced BACE-1 level in the brain, and overexpression of Egr-1 promotes BACE-1 expression in neurons.
Egr-1 Is a Transcriptional Activator of BACE-1 Gene-Recently, a genome-wide investigation of in vivo Egr-1-binding sites determined that Egr-1 binds to a GC-rich sequence of its target genes (29) . Based on the criteria deduced by this study, we identified five putative Egr-1-binding sites within the BACE-1 promoter located upstream from the transcription initiation site. To determine whether Egr-1 binds to any of these sites and induces BACE-1 transcription, we cloned the following five BACE-1 promoter fragments upstream from the luciferase reporter gene PGL3: Luc-1600 containing the promoter; most of the UTR sequence and all five putative Egr-1-binding sites; and deletion mutants Luc-800, Luc-300, Luc-166, Luc-144, and Luc-65 ( Fig. 4A ). We co-transfected each of these fragments and control Luc-0 (basic PGL3 empty vector) with Egr-1 in COS-7 cells and monitored luciferase activity ( Fig. 4B ). Compared with Luc-0, Luc-1600, Luc-800, and Luc-300 displayed 8.3-, 8.1-, and 10.3-fold more luciferase activity, respectively ( Fig. 4B, upper panel) . However, luciferase activity of Luc-166 was similar to that of Luc-0. Likewise, Luc-144 and Luc-65 also displayed luciferase activity similar to Luc-0 control. These data determined that the Egr-1-binding site is located in-between 166 and 300 bp upstream of the transcription initiation site. A GC-rich sequence is located within the Ϫ275-283 segment of the BACE-1 promoter ( Fig. 4A ). To determine whether this segment contributes to Egr-1 binding, we mutated six bases within this segment of Luc-300 (Luc-300M) ( Fig. 4A ) and per-formed luciferase assay. Although Luc-300 showed 10.2-fold higher activity, Luc-300M displayed luciferase activity similar to that of Luc-0 ( Fig. 4B, lower panel) . Thus, either deletion or mutation of the above segment abolished Egr-1-induced luciferase activity of the BACE-1 promoter. This result determined that Egr-1 binds to the putative segments of BACE-1 promoter and induces BACE-1 expression.
Egr-1 Is Recruited to BACE-1 Promoter in Response to PMA Exposure in COS-7 Cells-Egr-1 regulates the expression of various genes by binding to their promoters (30) . Egr-1 expression is induced when COS-7 cells are exposed to PMA (31) . PMA also promotes BACE-1 expression in U937 cells and primary CD14 ϩ human monocytes (32) . By semiquantitative PCR, we found that PMA induces BACE-1 expression in COS-7 cells also ( Fig. 5A ). Therefore, to determine whether Egr-1 binds to the BACE-1 promoter in response to PMA exposure, we performed a ChIP assay using anti-Egr-1 antibody and primers flanking the Egr-1-binding site on the BACE-1 promoter, identified by luciferase assay (Table 1 for list of primers used). As the control, we amplified GAPDH (Fig. 5B ). In vehicle-treated cells, we observed a basal level of promoter amplification from both IgG and anti-Egr-1 immunoprecipitates ( Fig. 5B, upper panel) .
However, from PMA-treated cells, the BACE-1 promoter amplification was 4.1-fold higher from anti-Egr-1 than from IgG control. No amplification was observed for GAPDH control. More importantly, compared with vehicle-treated cells, PMA-treated cells displayed 7.3-fold more BACE-1 amplification ( Fig. 5B, lower panel) . These data indicated that 7.3-fold more Egr-1 is complex with the BACE-1 promoter in cells treated with PMA than those treated with vehicle. This in turn indicated that PMA exposure causes recruitment of Egr-1 onto the BACE-1 promoter. . Egr-1 is recruited to BACE-1 promoter in response to PMA exposure in COS-7 cells. COS-7 cells were treated with PMA to induce Egr-1 expression for various time points and then analyzed either for expressions of Egr-1 and BACE-1 by semiquantitative PCR or subjected to ChIP assay using anti-Egr-1 antibody or IgG control. For semiquantitative PCR, RNA purified from cells treated with PMA or vehicle was purified and subjected to RT-PCR for cDNA synthesis. Each synthesized cDNA was amplified using primers against Egr-1, BACE-1, or GAPDH control by PCR. Products were analyzed on agarose gels and quantified by normalizing against GAPDH. A, semiquantitative PCR analysis of cells treated with PMA for 1 h. Upper panel is a representative agarose gel. Lower panel is quantification. Values are the average Ϯ S.E. of four independent determinations. **, p Ͻ 0.01 (t test). B, ChIP assay. Cells treated with PMA for 1 h were immunoprecipitated using either anti-Egr-1 antibody or IgG control. BACE-1 promoter in the immunoprecipitate was amplified by qPCR using primers specific to Egr-1-binding site of BACE-1 promoter identified by luciferase assay (Table 1 ). GAPDH was amplified as the internal control. Bar graphs were generated from qPCR data from four independent cultures. ***, p Ͻ 0.0005 (t test). Lower panel compares BACE-1 promoter amplification between vehicle and PMA-treated cells. To make the comparison, qPCR value obtained for the IgG from the ChIP data of a sample was subtracted from the corresponding value for the anti-Egr-1. Resulting values were used to generate the graph. Values are the average of three determinations. ***, p Ͻ 0.001 (one-way ANOVA). 
Transcriptional Activation of BACE-1
If Egr-1 induces BACE-1 transcription, BACE-1 expression will be expected to follow binding of Egr-1 to the BACE-1 promoter. To demonstrate this, we monitored the time course of Egr-1 recruitment to the BACE-1 promoter and BACE-1 expression ( Fig. 5C ). PMA exposures caused a rapid recruitment of Egr-1 to the BACE-1 promoter that peaked at 1 h and slowly declined over the next 8 h (Fig. 5C, lower) . BACE-1 expression, however, was relatively slow, peaked at 2 h, and then declined. Thus, recruitment of Egr-1 to BACE-1 promoter preceded BACE-1 expression in PMA-treated COS-7 cells. Based on these data, we concluded that Egr-1 binds to the BACE-1 promoter and induces BACE-1 expression in PMAexposed COS-7 cells.
Egr-1 Activates BACE-1, Accelerates APP Metabolism, and Promotes A␤ Synthesis in Primary Neurons and COS-7 Cells-We found that Egr-1 KO mice have reduced levels of both A␤ and BACE-1 ( Figs. 1 and 2 ). In addition, our data showed that Egr-1 is a transcriptional activator of the BACE-1 gene ( Fig. 4 ). BACE-1 catalyzes the committed step in A␤ synthesis (1) . However, the level of A␤ in the brain is regulated by its synthesis and clearance (24) . Therefore, to determine whether Egr-1 promotes A␤ synthesis via activating BACE-1, we infected rat hippocampal primary neurons with Ln-Egr-1 and analyzed neuronal lysate and conditional medium. Western blotting, BACE-1 activity assay, and qPCR analysis determined that the protein, mRNA, and activity levels of BACE-1 were 1.7-, 1.6-, and 2.8fold, respectively, higher in Egr-1-overexpressing neurons when compared with those expressing vector ( Fig. 6A ). Immu- nocytochemistry confirmed the Western data and showed that the BACE-1 level was 1.85-fold higher in neurons expressing Egr-1 than vector (Fig. 6B) . Thus, Egr-1 overexpression enhanced the levels of BACE-1 mRNA, protein, and activity in primary neurons.
We then analyzed levels of APP metabolites in the neuronal lysates and medium. In the lysates of Ln-Egr-1-infected neurons, although the level of C99 was 2.4-fold higher, that of C83 was 2.2-fold reduced when compared with vector-infected counterparts (Fig. 6A) . As a result, the C99/C83 ratio in neurons infected with Ln-Egr-1 was 5.2-fold higher than in neurons infected with Ln vector. Western blots showed that in the medium of neurons infected with Ln-Egr-1, the level of sAPP␤ was 1.9-fold higher than in the medium of those infected with Ln vector. In contrast, in the medium of neurons infected with Ln-Egr-1, the level of sAPP␣ was 2.1-fold lower than in the medium of those infected with Ln vector. Likewise, ELISA of medium determined that amount of secreted A␤42 was 2.1-fold more in Egr-1-expressing neurons when compared with those expressing vector. Thus, overexpression of Egr-1 activated BACE-1, accelerated formation of BACE-1-generated C99 and sAPP␤, reduced ␣-secretase-cleaved C83 and sAPP␣, and increased A␤42 in neurons.
To substantiate the neuron data, we co-transfected COS-7 cells with Egr-1 and APP Swe in different combinations and analyzed them. In cells expressing Egr-1, BACE-1 protein, mRNA, and activity levels were 3.2-, 3.9-, and 9.3-fold higher, respectively, than in vector-expressing cells (Fig. 7A ). Thus, as in neurons Egr-1 overexpression activated BACE-1. In cells expressing APP Swe and vector, the major APP-cleaved product was C83 generated by ␣-secretase (Fig. 7B ). In contrast, in cells expressing APP Swe and Egr-1, the major APP-cleaved product was C99 generated by BACE-1. Furthermore, compared with APP Swe -expressing cells, those expressing APP Swe and Egr-1 had a C99/C83 ratio 3.46-fold higher and secreted 2.2-and 3.1-fold more sAPP␤ and A␤42, respectively, in the medium (Fig. 7B ). These data indicated that Egr-1 overexpression activates BACE-1 and accelerates amyloidogenic APP cleavage and A␤42 synthesis in COS-7 cells.
Silencing BACE-1 Blocks Egr-1-induced Amyloidogenic APP Processing in Mouse Hippocampal Primary Neurons-If Egr-1 promotes A␤ synthesis by activating BACE-1, knockdown of BACE-1 will be expected to block Egr-1-induced amyloidogenic APP processing. To demonstrate this, we silenced BACE-1 in mouse hippocampal primary neurons using shRNA-BACE-1 and analyzed them ( Fig. 8) .
Compared with neurons infected with shRNA-ctl, those infected with shRNA-BACE-1 displayed 58 and 65% reduction in levels of BACE-1 protein and BACE-1 activity, respectively, but had similar levels of tubulin (compare lane 3 with lane 1 in Fig. 8A ). Likewise, compared with control neurons co-infected with Ln vector and shRNA-ctl, those co-infected with Ln-Egr-1 and shRNA-ctl displayed 1.6-and 2.1-fold higher BACE-1 protein and activity, respectively, a 1.8-fold higher level of C99 but a reduced level of C83, a 2.6-fold higher C99/C83, a 1.8-fold more sAPP␤, and 1.5-fold more A␤42 (compare lane 2 with lane 1 in Fig. 8B ). These data are as expected and showed that Egr-1activatesBACE-1andacceleratesamyloidogenicAPPpro-cessing, and shRNA-BACE-1 had specifically silenced BACE-1 in these neurons. Importantly, compared with neurons co-infected with Ln-Egr-1 and shRNA-ctl, those co-infected with Ln-Egr-1 and shRNA-BACE-1 had C99 levels 75% less (compare lane 3 with lane 2 in Fig. 8B ). Likewise, levels of sAPP␤ and A␤42 were 72 and 69%, respectively, less in neurons co-infected with Ln-Egr-1 and shRNA-BACE-1 when compared with those co-infected with Ln-Egr-1 and shRNA-ctl (compare lane 3 with lane 2 in Fig. 8C ). Thus, silencing BACE-1 action almost completely blocked Egr-1-induced amyloidogenic APP processing in neurons. Based on these data, we concluded that Egr-1-promoted amyloidogenic APP processing leading to A␤ synthesis requires BACE-1.
A␤42 Exposure Enhances Levels of Egr-1 and BACE-1 in Rat Hippocampal Primary Neurons-Previous studies have shown that A␤42 exposure activates BACE-1 in human neuroblastoma SH-SY5Y cells (33, 34) . Because BACE-1 catalyzes a committed step in A␤ synthesis and A␤ causes neurodegeneration in various in vitro and in vivo models (35) , it was suggested that A␤ may lead to a vicious cycle of neurodegeneration by promoting its own synthesis (36) . A␤ also induces Egr-1 expression in rat cortical neurons (21) . Therefore, to test whether Egr-1 plays any role in this process, we exposed rat hippocampal primary neurons to oligomeric A␤42 and analyzed them. A␤42 exposure caused a 2.1-and 1.8-fold increase in the levels of OCOTBER 14, 2016 • VOLUME 291 • NUMBER 42
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Egr-1 and in BACE-1, respectively. However, the levels of sAPP␤, C83, C99, and C99/C83 remained similar in neurons treated with A␤42 and ␤42 scramble control (data not included). Thus, under our experimental conditions, A␤42 exposure did not promote amyloidogenic APP processing in neurons.
Discussion
BACE-1 is the essential enzyme in A␤ production, and both mRNA and protein levels of BACE-1 are elevated in sporadic AD (2) (3) (4) . It was suggested that up-regulation of BACE-1 is one of the main causes of A␤ accumulation in AD brain (1) . The mechanism by which BACE-1 expression is increased in AD brain is not known. In this study, we showed that Egr-1 binds to the BACE-1 promoter and induces BACE-1 expression in neurons and COS-7 cells ( Figs. 4 -7) . Overexpression of Egr-1 activates BACE-1 and accelerates A␤ synthesis in primary neuron and COS-7 cells ( Figs. 6 and 7) . Previous studies have shown that the Egr-1 level is up-regulated in AD brains (18 -21, 37) . Furthermore, levels of both BACE-1 and Egr-1 are elevated in the brain during aging (22, 38, 39) , hypoxia, brain injury, ischemia, and inflammation (13, 14) and in AD mouse models (13, 21, 23) . These observations together indicate that Egr-1 is an activator of BACE-1 in the CNS and suggest that Egr-1 plays role in the up-regulation of levels of BACE-1 and A␤ in AD brain. (33, 34) and hence by promoting its own synthesis may lead to a vicious cycle of neurodegeneration (36) . Recently, prion protein (PrPc), ephrin type B receptor (EphB2), IgG Fc␥ receptor II-b (Fc␥IIRb), and paired immunoglobulin-like receptor B (PirB) (human homologue LilrB2) were found to act as the cell surface receptors for A␤ (40 -44) . Interestingly, among these receptors, PrPc and EphB2 act through the N-methyl-D-aspartate receptor (NMDAR) (42, 43) , whereas PirB2 (and LilrB2) acts via the early gene protein Arc, whose expression is NMDAR-dependent (45) . Thus, these receptors act via NMDAR, which is the main inducer of Egr-1 in the CNS (14) . NMDAR activation recruits Egr-1 to the promoter of its target gene in neurons (31) . BACE-1 is one target gene of Egr-1 (this study). A␤ may activate Egr-1 via NMDAR, which subsequently may bind to the BACE-1 promoter and may induce BACE-1 expression. BACE-1 then may accelerate A␤ synthesis. Consistent with this idea, A␤ exposure induces expressions of Egr-1 and BACE-1 in neurons (21, 34) . In contrast to this hypothesis, we found that A␤42 exposure does not significantly promote amyloidogenic APP processing in rat hippocampal primary neurons (data not shown). BACE-1 is synthesized in the endoplasmic reticulum and is then subjected to several post-translational modifications such as glycosylation, phosphorylation, S-palmitoylation, and acetylation (1). A␤ causes many cellular dysfunctions 35) . It is possible that A␤ induces BACE-1 synthesis but disrupts any of the BACE-1 post-translational modifications, which affect BACE-1 activity and/or amyloidogenic APP processing.
A␤ induces BACE-1 expression in neurons
Growing evidence suggests that synthesis and proteolytic degradation are the main determinants of cerebral A␤ level. A number of proteases, including matrix metallopeptidase-9, IDE, neprilysin, endothelin-converting enzyme, angiotensinconverting enzyme, plasmin, ␣ 2 -macroglobulin, and matrix metallopeptidase-9 proteolyze A␤ in vitro (24) . In addition, A␤ was reported to be a substrate of the proteasome (46) . In this study, we find that the levels of neprilysin and IDE are comparable in the brain of Egr-1 KO and WT mouse brains ( Fig. 2A) .
In addition, a previous study showed that Egr-1 down-regulates proteasome activity by transcriptional suppression of proteasome subunits psmb9 (Lmp2) and psme2 (PA28␤) along with the proteasome-regulatory kinase serum/glucocorticoid-regulated kinase and the proteasome-associated antigen peptide transporter subunit 1 (Tap1) (47) . Although we did not analyze all proteolytic enzymes implicated to degrade A␤ in the brain, in primary neurons, and COS-7 cells, overexpression of Egr-1 activates BACE-1 and enhances A␤ levels ( Figs. 6 and 7) . When BACE-1 function is blocked, Egr-1-induced enhancement in the A␤ level is almost completely blocked (Fig. 8) . These results suggest that Egr-1 regulates brain A␤ level via controlling the A␤ synthesis.
A␤ is generated by a sequential cleavage of APP by BACE-1 followed by ␥-secretase. APP is also cleaved by ␣-secretase, which generates sAPP␣ and C83 and precludes A␤ formation (1) . Thus, in the brain, levels of A␤ could increase either by activation of BACE-1, inhibition of ␣-secretase, or both. As shown in Fig. 6 , Egr-1 overexpression causes a 1.9-fold increase in BACE-1-cleaved sAPP␤ and a 2.4-fold increase in C99. In addition, the levels of ␣-secretase-cleaved sAPP␣ and C83 are also reduced by 2.1-and 2.2-fold, respectively, in neurons overexpressing Egr-1 (Fig. 6 ). The data appear to suggest that Egr-1 promotes A␤ synthesis by both activating BACE-1 and inhibiting ␣-secretase-cleavage of APP. However, in neurons, when BACE-1 is silenced, Egr-1-induced A␤ synthesis is almost completely blocked (Fig. 8) . These data indicate that Egr-1 promotes A␤ synthesis by activating BACE-1 and suggest that reduction in sAPP␣ and C83 in neurons overexpressing Egr-1 is likely caused by competition between BACE-1 and ␣-secretase for APP.
The level of PS2 is similar in Egr-1 KO and WT mouse brains ( Fig. 2A) . These data suggest that Egr-1 does not regulate PS2 expression. Consistent with our data, a previous study showed that Egr-1 does not bind to the murine PS2 promoter and does not regulate PS2 gene expression (48) . However, another study reported that Egr-1 is a transcriptional activator of human PS2 genes in neural cells (49) . It appears that the PS2 gene expression is regulated by different mechanisms in mice and humans.
This study emphasizes Egr-1-mediated A␤ synthesis via activation of BACE-1 and suggests that lower level of A␤ in Egr-1 KO mice is due to the reduced BACE-1 activity. However, apoE, a risk for sporadic AD associates with extracellular amyloid plaques, affects A␤ aggregation and clearance in the brain (50) . Interestingly, in a murine model of atherosclerosis, aorta retrieved from apoE Ϫ/Ϫ mice demonstrated increased Egr-1 transcripts in an age-dependent manner (51) . Human subjects carrying the T2238C ANP gene variant have a higher risk to suffer a stroke or myocardial infarction. C2238/␣ANP modulates apoE through Egr-1/miR199a in vascular smooth muscle cells in vitro (52) . It will be interesting to investigate whether Egr-1 regulates A␤ clearance via apoE in the brain.
A number of transcription factors have been identified that act as activators or repressors of BACE-1 transcription. These include SP1, NF-B, YY1, HIF-1, PPAR␥, GADD153 (53), and Egr-1 (this study). SP1 binds to the BACE-1 promoter, induces BACE-1 expression in PC12 and HEK-293 cells (54) , and mediates BACE-1 transcription induced by 12/15-lipoxygenase in the CNS (55) . Likewise, NF-B acts as a repressor for BACE-1 transcription in differentiated neuronal cells and non-activated glia cells but as an activator in activated astrocytes and the A␤-exposed neuronal cultures (56) . In neuroblastoma SH-SY5 cells, NF-B interacts with GADD153 to regulate BACE-1 expression induced by 27-hydroxycholesterol (57) . Similarly, YY1 binds to the BACE-1 promoter in PC12 cells and neurons in culture, but in the brain, BACE-1 and YY1 are co-expressed in only a minor population of neurons (58) . Finally, HIF-1 binds to the BACE-1 promoter only under hypoxic conditions (10), and PPAR␥ was suggested to repress BACE-1 expression by antagonizing activities of other transcription factors (54, 59) . These observations suggest that BACE-1 expression is regulated by complex mechanisms. A detailed study will be required to determine how these various transcription factors regulate BACE-1 expression in different cells under different physiological conditions.
Materials and Methods
Animals-All experiments involving animals were performed according to Canadian Council of Animal Care and Lady Davis Institute for Medical Research guidelines. Egr-1 KO and WT mice (all 6 months old and in C57BL6 background) were described previously (20, 60) . All mice were genotyped by PCR.
Antibodies and Chemicals-Rabbit polyclonal antibodies against GFP, Egr-1, and Myc were described previously (20) . Polyclonal antibodies against neprilysin (AB5458), IDE (AB9210), and PS1 (AB5757) were obtained from Millipore. Anti-PS2 antibody was from Sigma (P0070). Monoclonal antibody against sAPP␤ was from BioLegend (9138005). Monoclonal antibody against sAPP␣ was from BioSource (MBS533522). Anti-APP C-terminal antibody was from Invitrogen (51-2700). Polyclonal antibody raised against the C-terminal six amino acids of human A␤42 was from Millipore (AB5078P). Polyclonal antibody against human A␤40 was also from Millipore (ABN240). PMA was obtained from Sigma.
Histochemistry-Mice were anesthetized and transcardially perfused with cold PBS. Coronal sections (50 m thick) corresponding to the hippocampus and cortex were used for histology. The procedure for immunohistochemistry using immunostainer "Discovery XT" from Ventana and quantification of images was described previously (31) . Briefly, fixed sections were immunolabeled with rabbit anti-BACE-1 antibody (1:50 mouse Millipore, MAB5308) followed by an HRP-conjugated secondary antibody. Sections were developed using a diaminobenzidine histochemistry kit (Molecular Probes), counterstained with hematoxylin-eosin, and viewed under a microscope. For quantification, slides were scanned at ϫ400 magnification (resolution of 0.25 m/pixel (100,000 pixels/ inch)) using an Aperio ScanScope AT Turbo (Leica Biosystems). The background illumination levels were calibrated using a prescan procedure. Acquired digital images representing whole tissue sections were analyzed applying the Spectrum Analysis algorithm package and the ImageScope analysis software (version 11.2, Aperio Technologies). A rectangular region of interest (ROI) 25 m 2 in size was defined. Immunoreactivity value for each ROI was obtained. The immunoreactivity within each ROI in each section was averaged to generate a mean immunoreactive value for each animal. Data were averaged from six mice in each group with four regions (n ϭ 24) for each genotype and is expressed as the fold of WT.
Lentiviral Production, Cell Culture, and Viral Infection-Construction and production of lentivirus expressing human Egr-1 with a Myc tag at the C terminus was described previously (31) . Hippocampal neurons were prepared from rat or mouse pups P0 (Charles River) (31) . Neurons 2 weeks in culture were infected with Ln vector or Ln-Egr-1 (multiplicity of infection of 20 each). After 72 h, neurons were fixed for immunocytochemistry or homogenized in extraction buffer for Western blotting analysis. COS-7 cells were transfected with human APP Swe (APPsw KM670/671NL) and Egr-1 using Lipofectamine. Human APP Swe clone in pcDNA vector was a gift from Dr. Andrea Leblanc of the Lady Davis Institute.
Cell Culture, Mouse Short Hairpin RNA (shRNA) Construction, and Viral Infection-shRNA against mouse BACE-1 was constructed as described previously (31) . Briefly, 19-mer of either BACE-1 targeting sequence siBACE-1 (5Ј-GTT CGC TGT CTC ACA GTC A-3Ј) (61) or non-effective scrambled control siCtl (5Ј-caa agc caa gca aac caa t-3Ј) were subcloned into lentiviral vector pLVX-IRWS-ZsGreen1 (Clontech) at the EcoRI/XbaI site. Lentivirus was produced as described previously (31) . Briefly, the DNA was transfected along with a Lenti-X HTX packaging mix into the Lenti-X 293T cells, and the virus was harvested after 48 and 72 h from the supernatant and purified. The titer of purified virus was determined by flow cytometry, and the virus was stored at Ϫ80°C. To validate the shRNA construct, lentivirus was infected into mouse hippocampal primary neurons. After 48 h of infection, neurons were analyzed by Western blotting analysis. Compared with shRNA-ctl-infected neurons, those infected with shRNA-BACE-1 had BACE-1 level reduced by ϳ60% (data not shown but see Fig. 8 ).
Immunocytochemistry, Image Acquisition, and Quantification-Immunocytochemistry was carried out as described previously (31) . Briefly, Ln-Egr-1 or Ln vector-infected neurons were fixed and labeled with rabbit anti-BACE-1 or GFP (mouse 1:1000 Cell Signaling) followed by Alexa Fluor 488-or 594conjugated goat anti-rabbit or goat anti-mouse secondary antibody (Invitrogen). Labeled neurons were viewed by using LSM Pascal (Zeiss, Germany) confocal microscopy system. At least 15 labeled neurons were randomly chosen from each group for quantification from 3 to 4 coverslips. Immunointensity was analyzed along 30 -40 m of dendritic length of each neuron by Volocity image analysis software (Improvision). Data were averaged from four independent cultures.
Quantitative Real Time PCR (qPCR) and Semiquantitative PCR-One microgram of total RNA purified from brain extract, neurons, or COS-7 cells was used for cDNA synthesis using oligo(dT) or random hexamer primer and reverse transcriptase. SYBR Green-based (Qiagen) real time PCR was carried out with gene-specific primer for BACE-1, Egr-1, and GAPDH (see list of primers in Table 1 ). Data were analyzed by real time PCR software 7500 version 2.0.4 (Applied Biosystems). The relative RNA expression of the gene of interest was determined using comparative ⌬⌬Ct method with GAPDH as the internal control as described previously (31) . For semiquantitative PCR, specific primers for Egr-1, BACE-1, and GAPDH control ( Table 1) were used for PCR amplification. PCR products were resolved on ethidium bromide-stained agarose gels, and bands were quantified by normalizing against the corresponding GAPDH band.
Constructions of Plasmids for Luciferase Activity and Chromatin Immunoprecipitation (ChIP) Assay-Luciferase assay was performed as described previously (31) . For the plasmid constructions, a 1600-bp BACE-1 promoter construct (Luc-1600) containing most of the 5ЈUTR and all of the putative Egr-1-binding sites and deletion constructs, Luc-800, Luc-300, Luc-166, Luc-144, Luc-65, and a Luc-300M with mutated putative Egr-1-binding site (see Fig. 4A ), were cloned by PCR using human genomic DNA as the template (see list of primers used in Table 1 ). Mutations were introduced into the plasmid by overlap extension PCR. Genetic constructs were assembled through site-specific promoter swapping approaches involving successive PCRs, as described previously (31) . All PCR products were subcloned into pGL3-Promoter Vector (Promega) and were confirmed by DNA sequencing. For luciferase activity, COS-7 cells were co-transfected with pcDNA3-Egr-1 or pcDNA3 vector and one of the constructs and pRL-CMV Renilla luciferase reporter plasmid (Promega) using Lipofectamine. After 24 h, cells were lysed and assayed for luciferase activity (Promega kit). Firefly luciferase activity was normalized to Renilla luciferase activity. For ChIP assay, COS-7 cells were treated with PMA (30 ng/ml) to induce Egr-1 (31) . After 1 h of treatment, ChIP assay was performed using Magna ChIP T/MA/G Millipore kit (Millipore) following the manufacturer's instructions. Cells were cross-linked, and the DNA was fragmented to 200 -1000 bp in length. Chromatin solution (100 l each) was immunoprecipitated using 5 g of either monoclonal anti-Egr-1 (Millipore, MABC 1023) or IgG control. Input and immunoprecipitated samples were digested with proteinase K to reverse the cross-linking. The DNA was purified and analyzed by qPCR using primers against the BACE-1 promoter ( Table 1) .
BACE-1 Activity Assay and Sandwich ELISA for A␤40 and A␤42-BACE-1 activity was measured by using the ␤-secretase fluorogenic activity assay kit (catalog no. 565785 from Calbiochem) following the manufacturer's instruction manual. Briefly, cells or brain samples were homogenized in the extraction buffer and centrifuged, and the supernatant (50 l each) was transferred to a fluorescence plate reader. ␤-Secretase substrate was added to each well, and the plate was incubated for 1 h at 37°C in the dark. After incubation, fluorescence was measured with excitation at 335-355 and emission at 495-570 nm. Background reading from buffer and the substrate was subtracted.
A␤42 in the cell culture medium and brain extract was measured using either the mouse (KMB3441) or the human (KHB3441) A␤42 ELISA kit from Invitrogen following the manufacturer's instruction manual. For estimation of A␤40 in the mouse brain, the ELISA kit (KMB3481) from Invitrogen was used. Briefly, mouse brain (100 mg) was homogenized in 1 ml of casein buffer (0.25% casein, 0.05% sodium azide, 20 g/ml of aprotinin, 5 mM EDTA, and 10 g/ml leupeptin in PBS). After centrifugation, supernatant (50 l each) was pipetted to the ELISA plate well coated with mouse antibody specific to the N terminus of A␤42. After incubation and washing, rabbit polyclonal antibody specific to the A␤42 C terminus was added. Bound antibody was detected by using HRP-labeled second antibody and an ELISA plate reader at A 450 nm . A␤42 measurement from conditional medium was also performed as described above using 50 l of each sample. Measurement of A␤40 from the brain extract was performed as described above except N-and C-terminal antibodies against A␤40 were used. For Western blotting, samples were separated on 10 -20% Tricine gel (Invitrogen) and probed against anti-A␤40 or anti-A␤42 antibody.
Preparation of A␤42 Oligomers-A␤42 oligomers were prepared as described previously (21) . Briefly, synthetic A␤42 peptide (American Peptides) was dissolved in 1,1,1,3,3,3hexafluoro-2-propanol and dried by evaporation in a Speed-Vac. Dried peptide was suspended in DMEM (without glutamine) to a 100-m final concentration and incubated overnight at 4°C. Incubated peptide was warmed using a water bath set at 37°C. An aliquot of warm peptide was added to the medium of rat hippocampal primary neurons (14 days in culture) to a final concentration of 5 M, and neurons were incubated for 4 h. Incubated neurons were analyzed by Western blotting. Synthetic scrambled A␤42 peptide (American Peptides) was also prepared as above and used as control.
Statistics-All data were analyzed by one-way ANOVA followed by Newman Keuls post hoc test for multiple group comparisons and Student's t test for comparisons between two groups. All data are presented as mean Ϯ S.E., and differences with p values Ͻ0.05 were considered significant.
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